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INTRODUCTION
Historical
The fundamental reactions for synthesis of polymers containing
an imide ring have long been known. 1 Aliphatic polyimides were
prepared in the 1950's through condensations of salts of aliphatic
diamines with tetracarboxylic acids and their esters.2
Appreciable interest in these compounds began to develop with
reports 2,3 of the synthesis of aromatic polyimides from the reaction
of dianhydrides with aromatic amines. This new class of polymers
was found to have desirable electrical. prQperties 5 and to possess
exceptional thermal stability. 1,2,4-6
Acylation of aromatic amines by acid anhydrides (Figure 1)
was preferred over the nylon'salt type of reaction used with aliphatic
diaraines because the low basicity of aromatic amines prevented the
formation of well-defined salts. 2 The first step of the reaction was
the formation of the polyamido acid (I) which was treated thermally
to induce intramolecular cyclization to the polyimide (II).4
Highly polar solvents were required to dissolve these polymers 
and N,N-dimethylacetamide (DMA) and dimethylsulfoxide (D%MO) were
among the most commonly used solvents. These solvents have been
shown to associate with both the polymer and the reactants.3'6'7
Kinetic experiments 
8,9 
to determl.ne the, mechanism of these
polymerizations have revealed little about the rates of the
individual steps and their degree of reversibility. 10 The reaction
was found to be bimolecular, 
11 
with the rate determining step the
formation of the amido acid. It was found that depending on the
1
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ORIGINAL PAGE IS
degree of conjugation between the two amino groups, the reactivity
of the residual amino group in the partially reacted compound could
be mudh less than, or only slightly different from that of the amino
group in the unreacted monomer, 10
Mechanism for acylation of amines
The mechanism for acylation of amines by acid chlorides, 14-16
and acid anhydrides, 13,17-19 was examined in benzene, 14-16,18 and
in tetrahydrofuran, cyclohexane and diethyl ether. 19
According to Forai-Koshits, 12
 one general scheme can be applied
to the acylation and diazotization of amines, as well as to the
formation of anils, diazo-amino compounds and iminazoles. 12
 The
first step (1) is the formation of a bond between the unshared
electron pair on the amino nitrogen and an electron deficient atom, i.e.,
-0
+	 I
R'NH 2 + -r
 --OH + R'NH2--I -- (OH)
	 (1)
-0	 R'
The final product is then obtained (2) through loss of a simple
molecule (HC1, 1120)
0	 0
+	 I	 fast
	 1 11
R'Nd2—C--(011) —} R'NHCR" + H 2O	 (2)
IRir
r
The rate of reaction for step (1) would depend on both Clio basicity
of the amine and the polarizability of the electrophilic substrate. 12
Studies 14-16 performed on the acylation of 4-aminohiphenyl by
benzoyl chloride in benzene revealed some interesting information which
4
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can easily be applied to a genera). understanding of acylation reactions.
Litvinenko found that electron withdrawal decreased the reactivity of
4-aminobiphenyl and that disruption of the conjugated system of the
biphenyl moiety through introduction of a sulfur or oxygen link
increased the interaction between 4'-nitro and the 4-amino sit),-
stituents. 14 The transmission of the electron-withdrawing effect of
the nitro group was increased in the following order: diphenyl <
diphenyloxide < dip4enyl sulfide. 14, Further, distortion of the angle
between the planes of the benzene rings, resulting from ortho
substitution, led to a substantial reduction in the interaction between
these two substituents. 15 Hypothesizing that the angle between the two
benzene rings was somehow important in the transmission of electronic
effect, Litvinenko 16 Chen stLidied the reactivities of 2-artinofluorene
and 2-amino-7-nitrofluorene. In the case of the ortho-substituted
diphenylamine, the angle between the benzene rings would be increased.
In the fluorene molecules the angle would be decreased, but planarity
would be maintained. 16 Since the reactivity of the 2-amino-7-
nitrofluorene was the lowest of all the systems studies, it was
concluded that ;maintenance of planarity of aromatic ring systems
was an important factor in the transmission of electronic effects.
Denny and Greenbaum 
17 have investigated the mechanism of acylation
of aromatic amines by acid anhydrides through oxygen-18 tracer analysis
in dime thyformamide, acetonitrile and diethyl. ether. They proposed
an equilibrium between the reactants and an intermediate complex (III).
50-
R--C--O--COOK
i
M12R'
ORIGINAL PAGE
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Ardashnikov20 proposed a similar equilibration between the reactants
and amic acid product, but calculated the equilibrium constant to
be greater than 10 5 in highly polar solvents such as DMA.
The reaction between anhydrides and amines has also been
examined in terms of the electron donor-acceptor properties of the
amine and anhydride molecules. 21 Infrared spectra of proposed charge-
transfer complexes obtained by cosublimation of various aromatic
amines and anhydrides were reported. ?l It is interesting to note
that the peak maximum assigned to the phthalic anhydride-m-
phenylenedianiine charge transfer complex (415-420 mu) is very close
to the peak maximum attributed 11 to a nylon type salt formed by the
same amine upon equilibration with pyromellitic dianhydride in
DMA (378-395 mp) .
2
CO-0 
+
H 3N I ^ yI^2
The kinetics of the reaction of various substitutcd anilines with
pyromellitic dianhydride (PMDA) and with 3,3', 4,4'-benzophenone-
tetracarboxylic dianhydride have been examined in N,v-dimethylformamide,
DMA and N-methyl-2-pyrrolidone. 22 Svetlichnyi22
 found that correlations
6	 ORIGINAL PAGE 15
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of substitueet effects on the acyJation rate obeyed the Hammett
equations. Large negative A values (-3.4, -3.32, -3.0) indicated
both acceleration of the reaction by electron donating substituents
and a high sensitivity of the reaction towards structural changes in
the amine molecule. 22 That the p value changed little on passing from
one acylating agent to another indicated that only one type of acylation
mechanism existed. 22
Li,tvinenko and aleinik 23 also found correlation with the Hammett
plot for the reactions of substituted anilines with acetic anhydride
and benzoic anhydride in nitrobenzene and nitrobenzene-acetic acid.
The reaction was unimolecular in each reactant for the uncatalysed
reaction with a p value of -2.72 * 0.15. The rate law for the
,;.scalysed reaction included a rate constant for the catalysis by acetic
acid. The p value for the catalysed reaction was -2.89 *_ 0.64. 23
Catalytic effects on the reaction between anhydrides and amines
have also been examined in benzene 18,13 and in acetic acid. 
21 
Loucheux
and Bandaret18 observed autocatalysis by the arts acid product for
the reaction between aniline and various .aliphatic and cyclic
anhydrides at stoichiometric concentrations.
Litvinenko and Aleksandrova13 found that benzoic acid catalysed
the reaction of benzoic anhydride with aniline in benzene but that
catalysis was dependent upon benzoic acid in its monomeric form alone.
17hey did not propose the form of the reacting species.
Bel'skii24 proposed that acetic anhydride in a solution of
acetic acid would react to form a positively charged species,
^a
7
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which then reacted with the aromatic amine in vnat was the
RNH 2 + CH 3C0+ • (CH3CQOH)2 limiting RNH2COCH 3 +
step
RNH2O00H3 + .alb RNHCOCH 3 + H+
rate limiting step for the reaction.
Catalytic effects of the solvents normally used for polymerization
have also been examined. Kolesnikov6
 suggested that a charge transfer
complex was formed between the anhydride and a highly polar solvent
such as DMSO. He proposed that the strength of this complex would
be dependent upon the nucleophilicity of the solvent. The stronger
the complex, the slower the reaction between the anhydride and amine
molecules. This implied that DMA would retard the reaction considerably
more than DMSO and that DMSO would retard the reaction more than
dimethylformam;tde. However, he investigated only D:iSO, so no
comparisons could be made. He claimed to have isolated and identified
DMSO-anhydride complexes such as
C=0	
C11 O C--0 ...+S =O
0	 CH 3
but the IR peak maxima, though in the same region as those previously
reported for an anhydride-amine charge transfer complex and for the
r4.
amine-carboxylic acid salt, are not clearly defined.
g
8	
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From this discussion, it may thus be concluded that acylation of
amines by anhydrides is a second-order kinetic process, at times
subject to acid catalysis. The reaction rate is related to the basicity
of the amine molecule. A common mechc.:.'.sm for acylation exists which
may be represented by figure 2, where the formation of a bond between
the anhydride and the amine to yield a tetrahedral intermediate (III)
is the rate-determining step.
Basicity of aromatic amines
The following qualitative effects of substitution have to be
considered as influencing the pKa values of primary aniline bases: 25
1) Mesomeric and inductive effects of the substituent
relayed through the bonds of the ring and of the
substituent.
2) Bulk effect of substiuunts causing hindrance
to approach or recession of the protons.
3) Combination effect of mere than one substituent.
4) A direct spatial effect eue to the interaction
between the electron clouds of the amino groups
and of the substituent.
5) Steric hindrance to solvation of the anilinium ion.
Brown 26 found that the relative base strengths of amine bases „H3,
RNH2 , R2NH and R3N as measured against an uncharged species BR' 3 would
depend mainly on the availability of the unshared pair of electrons
on the nitrogen, but that other factors,such as weaker electrical
forces and steric factors,should play an important role. Any effect
which shifted electron density towards the nitrogen atom would enhance
its proton attracting power through an increase in the electron density
of the lone pair orbital. 25 Any effect which distorted this orbital
would reduce the strength of the lone pair orbital, "
	 distortion
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being conoommitant with partial neutralization of the electronic
1)5
charge around the nitrogen."'
These inductive effects help to explain the much weaker basicity
of aromatic nwines, as resonance with the phanyl rings reduces the
availability of the unshared electron pair on nitrogen. Substitution
of electron donating groups knEy to the amine function strengthen
basicity while electron donation from a position meta to the amine
is "egliblo, Substitution at the or •ho position is complicated by
the counteraction of resonance with storic effects between the amino
and the skatituons.
In addition to SLOM and inductive effects, however, an allowance
most be made for the solvatio" and subsequent stabilivacion of the amine
ions. In aqueous solvent;., b6th the amino and the amino ion would bo
sulvawd, but hydrogen bonding to the ion would be stronjor, 27
Correlations of Taft & values with pKa values of Rooncomatic 26
29
and aromatic amines have rove algid that the amines Call Wo Cat0;0rWS
which are related to the number 
of 
hydrog= attached to tho nitrogen
atom. This SlAggOSW 
28,29 that 
solvanion did indeed play a role in
determining base strength, in the sense that Cho storic roquirements
for solvatioa increased in the sequc yna: tertiary	 Minos > Secondary
amines I primary aminas due to an increase in the number of hydrogQns
which must be solvated.
Condon 
i0-308 
oxpandod "Pon chase solvation Lhoorics through
measurements of "oot hydration, energies", the dieforonce in hydration
energy between the amino and anooKin ion. The net Kfoct of
hydration is generally unfavorable to the dissoolotion of the protonanod
^Y
1
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amine, and is thus a base strengthening effect. The free energy of
hydration by hydrogen bonding will depend on the nature of the
substituents. Again, inductive and field effects, resonance, and
steric factors will contribute to the hydration energy. 31 The estima-
tion of absolute net hydration energies of anilines is complicated
by resonance effects. 
30 
Withdrawal of the electron pair on nitrogen
into the phenyl ring may either increase or decrease hydration of the
amine function as compared with the corresponding alipltgtic derivatives.
However, the anilinium ion would be hydrated in the same manner as
aliphatic ammonium ions.
Condon has found that replacement of a hydrogen by a phenyl
ring is responsible for a reduction in basicity by -0.37 ph units
due to inductive effects and 'approximately -2.0 to -3.0 pK units
due to resonance effects. 30 Steric hindrance to hydration was found
to operate with differing degrees of effectiveness. 32
Correlation of amine basicit y and reactivity
Correlations of basicity and reactivity have been performed by
Kretov33 for maleic anhydride; and various monoamines in benzene,
and by Kotorl 34 for a series of aromatic dianhydrides with 4,4-
diaminodiphenyl ether in dimethylformamide. Kretov established that
the reaction rate for the acylation of amines with maloic anhydride
wns severely retarded with dccreasod am.inu bosi.city. The linonrity
of the relationship between pKa and the logarithm of the second-order
rate constant was lost for amines whose pKa values were less than 3.0.
32	 ORIGINAL PAGE IS
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Koton found good linear correlation for amines with pKa values in the
region of 4.3 to 5.2. This suggests that other structural effects,
which are overshadowed in the rear.tions of the more basic amines with
anhydrides, become substantial as basicity decreases.
Work at VASA33 with diamine derivatives of d iphenylmethane (IV),
diphenyl. ether (V), benzophenone (VI), fluorene (VII) and fluorenone
(VIII) revealed that polymerizations of these compounds with pyromellitic
CH 
	
^ o
IV	 V
\ I C
VI
VII	 VIII
dianhydride in MIA were dopendent on the basicity of the amine compound.
This present study was initiated to determine what correlation existed
between the basicity of the amine, and its reactivity with phthalic
anhydride. Basicity measurements were to be made by potentiomecric
l'	 ORIGINAL PAGE IS
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titration of each amine in an acetonitrile-water solvent system,
from which the pKa of the amine could be determined. Reactivity was
defined in terms of the second-order rate constant derived from
spectrophotometric examination of the reaction between each amine and
phthalic anhydride in DMA. This reaction was expected to proceed in
r
either one (for a monoamine) or two (for a diamine) stages as
represented by Figure 3.
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EXTER UMENTAL
otentiometric determination of pKa values
1. Reagents
Reagent grade acetonitrile (AN) (Aldrich Chemical Co.) was used
•
without further purification. Though this solvent could be contaminated
with both acidic and basic materials, the residual acidity as measured
by potentiometric titration was never large enough to warrant the
extensive procedure required to obtain the cure reagent.
A stock solution was prepared of 90% AN, 10% water, and 0.10M
tetraethylammonium parchlorate (TEAP) to maintain constant ionic
strength. This solution was then used to prepare a one molar
perchloric acid solution which was standardized against standard
sodium hydroxide. The perchloric acid solution was restandardized
for each series of titration and changes in molarity were never greater
than 0.80%.
The amines were purified by recrystallization, usually from
aqueous ethanol (Tab1a 1). A 0.01M solution of each amine was
prepared by dissolving the appropriate wei kgkit in 50 or 100 ml portions
of the stock AN/water solution. This was then titrated with the
perchloric acid solution using a 2.5 ml Gilmont micro-buret. Total
volume change at the equivalence point was no greater than one
per cent.
For each series of titrations, a Litrat.ion of the stock AN/water
cisolution was performed to determine the residual acidity of the solvent
system. The data from this titration was also used to determine the
formal potential (E0 ) of the electrode pair.
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2. Instrumentation
Changes in potential were measured using a Corning Model 12 pH
meter with a glass-calomel electrode system. Saturated sodium
chloride was used in the reference electrode instead of potassium
chloride because the latter was known to form an insoluble salt in the
presence of perchlorate ion.
Measurements of the potential difference between the glass and
calomel :electrodes will be affected by the potential at the point of
contact between the saturated sodium chloride-calomel electrode and
the AN/water solution. The magnitude of the potential of this liquid
junction is dotermined by differences in the activities and mobilities
of all ions present in solution. 36 Because the mobility of the
hydz;ogen ion is much greater than all other ions present in this
system, potent•'ial readings at high concentrations of acid will be
markedly influenced by the liquid junction potential, and the response
of the electrode pair will appear to be non-theoretical.
To determine at what point deviation from theoretical response
occurred as a result of the Liquid junction potential, several titra-
tions of the AN/water stock solutions were performed using a cell
without liquid junction which consisted of a glass electrode-silver
wire reference electrode with an electrolyte of 0.01M silver nitrate
and 0.09M TC^P. Data from these titrations were then plotted and
Compared with data from titrations perl'orme.d using the WaCl
reference electrode.	 It was thus found that below a
certain acid concentration, the response of the electrode pair was
both linear and theoretical (Figure 4).
I
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The potential curves obtained from most of these titrations
(Figure 5) do not reveal a sharp break at the equivalence point. It
was therefore necessary to manipulate the titration data in order
to determine the equivalence point for each titration.
3. Calculations
(a) Calibration of the electrode pair
For data obtained after the expected equivalence point the
following relations apply.
[BH+) + I B I = Ve CH /VT 	 (1)
[ H+I + [nH+I= V11C14/VT	 (2)
where [BI = unprotonated amine
[BH+ 3= protonated amine
[H
+ 3 
= free hydrogen ion
V e = volume of acid reugired for equivalence
VH = volume of acid titrated.
CH = concentration of acid
VT
 = total volute of the system.
Assuming [B] to be neglible, equiations (1) and (2) were com.
I H+] = VHCH/VT - V^CH/VT	(3)
to obtain an equation For the hydrogen ion concentration, which could
then be substituted into the Nernst equation (4),
, E = E0
 + 59.2 log IH
+]	 (4)
to yield the following expression,
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0
E Nx E	 59. 2 mV log I Vil'^ 111VT - VeCll'VT)-	 (5)
Rearrangement of (5) resulted in (6), an equation for a line,
v 
T 
10	
V11C 11 /A - V a C 11 /A	 (6)
where E is the potential, mensured for each addition 
of 
acid, 
Vil, and
- 
E 0 /59 2.A - 10	 The slope of (6) was used to obtain the formal
potential, E	 of the electrode pair (7).
log (C1l JA) x 59. 2 - ,0
	 (7)
The equivalence volume was obtained by dividing the intercept by the
slope.
(b) 
-
Calcula-Cion of pKa VaIL10-9 of mo noami ties and weakly bas
The standard definition (8) of the dissociation constant for the
reaction,
B + I l+ ^ 1311+
was used,
(B] (il+j
	 (8)
C
restated as,
0
10 (E - E )/59.2 
(v 
a 
C 
11 - vilcil 
+ V
'r 
( ll+]	
(9)
(V 11 C li - v T Di + I
to determine the pKa values for both monoaminu g and those diamines
wkich were so weakly basic that protonation of Only one amino function
was datectod. The C011CO-t1tratiOn Of free 11yd17QgQn ion, V
T
 [1 ,1+) must
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be taken into account for those monoamines and diamines for which
C
protonation was not quantitative because of their weak basicity.
•	 (c) Calculation of pKa values of basic diamines
For those diamines for which protonation of both amino groups
could be detected, the formation constants for the mono-(10) and
diprotonated (11) species for the reaction sequence,
B+H++BH+
BH+ + H+ } BH2++
were defined as,
=	
jIi F1+] (10)1 113 1 [ H+]
and	 a
i
GBH]
2	 1BH J [H+]"
The fraction of protonated based, n, was defined as,
V
H 
C - V , (^i
n =
	 V C. 1	 (12)
e 11
where ( V1I CH	 VT 11A ) is the millimoles of mono- and diprotonated base
in solution (13) and V 
e 
C 
H is the total millimoles of base present (14).
(VHCH - VT EI+ ) _ [BH+] + 2 [B11 2
4-f- ]	 (13)
VeC11 = 1B ] + (,L'I I +] + 1131, 1 2
	]	 (14)
Substitution of the expressions for the formation constants, (10) and
(11). into (15) and rearrangement gave an equation for a line,
7.3
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[H+
 ] (n - ^) _ (2 - n)[H
+ ]2 R2 - 1
	 (16)
n	 n	 sl	 a l	 '
the slope of which 
is^2/S1 
and the intercept is 1/5*. 37 The
reciprocals of tb,e formation constants are the dissociation constants,
K1 and K2.
5oectroDhotometric determination'of nKa
A series of solutions of 2-amino-9-fluorenone (2-ATO) was
prepared in the stock AN/water solvent with increasing concentrations
of perchloric acid. Absorption spectra of these solutions were then
obtained with a Cary 14 spectrophotometer.
The maintenance of an isobestic at 415 nm (Figure 6) suggested
that only two species were Pzesent in solution, the protonated, [BH ],
and unprotonated, [BI, forms of the amine. The observed absorbance
at any wavelength was thus the sum of the absorbance contributions
from both the unprotonated and the protonated species,
Aobs ^ EBH+ [Bli ] + e  [B] 	 (17)
where c,,+ and E.B are the molar absorptivities for the protonated
and unprotonated species and JBH+ ] and [ B ] are the respective
concentrations.
By defining
C = IBIl+3 + IB]	 (13)
and utilizing the standard definition of the dissociation constant,
Ka,
Ka = [ B1 ti+^
IBH+ ] .
(s)
1.0
0.8
0.6
a^
U
c3
ch 0.4
0.2
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	Figure 6:	 Absorption spectra for
2-aminofluorenone as a function
of added perchloric acid in
AN/water.
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Substitution of these latter two equations into (17) gave,
Aobs a
which could be redefined
AB
F^Bl
and rearranged to give a
e B11+ x .[H+] C	 c B KaC+	 (19 )
Ka + [ H+ ]	 Ka + EH + I
in terms of absorbance,
E  (B)
1+ = E BH+ [BH+]
final expression for Ka.
Ka	 obs- A'^311 (H+1
obs
The hydrogen ion concentration was obtained using
[ H+ I = V*CH /VT - [BIM .	 (2)
The total base concentration was known,
[B ] + [BH+ ] = C	 (18)
where C is the molar concentration of the amine solutions. The
concentration of protonated amine was defined as,
[GH+I = 
Aobs	 AB	
C	 (21)
4'B H+ - AB
and substituted into (2) to yield an expression for the hydrogen
ion concentration in terms of absorbance values.
(20)
26
ORIGINAL PAGE IS
OF POOR QJALfTY
[ H+] = V C /V _ A obs - 	 11+ M	 (22)
e H T	 AB - ABH+
The values for AB and A,,H+ were obtained from the absorption spectra
and the intermediate values were then plotted according to equation (20).
Aobs +
H = Ka 1	 (20)
- A
obs	 [H+ I
The slope of this line was the dissociation constant, Ka.
Spectrophotometric determination of rate constants
1. Reagents
The amines were recrystallized as necessary. Phthalic anhydride
(PA) was sublimed under vacuum. N,N'-dimethylacetamide (DMA) was
distilled and the usual efforts were taken to assure that no water
contaminated this solvent. 'The phthalic anhydride solutions were
found to be stable and to give reproducible results for the same
reaction run two hours apart. It was therefore assumed that hydrolysis
to phthalic acid was not going to be a problem within a reasonable
length of time.
Solutions of the amines at 10 -3 - 10-4 M concentrations
and three concentrations of phthalic anhydride were prepared in DMA
and used within one hour of their preparation.
2. Instrumentation
Initial measurements were made on a. Cary 14 spectrophotometer to
determine the most suitable wavelength for monitoring the reaction
ik
2 7
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E^
course, and to determine that the reaction proceeded without
complication. A Beckman DU UV-VIS spectrophotometer (Model. 112400)
with an Update Model 111 power supply and an Update Model 122 Digital
Display log converter amplifier was then used to follow the reaction
at 250C.
3. Procedure
One milliliter of each of the reactants was placed in a Pyrocell
split cell and an initial absorbance value was taken. Efficient
mixing was accomplished within twenty seconds, and the reaction was
thereafter monitored at a suitable wavelength until well beyond the
reaction half-life. The usual length of time required to follow the
reaction and acquire sufficient data was three to four hours.
The benzophenones were monitored in the region of 350-400 nm. At
the concentrations used, the peak maximum was off scale and the reaction
course was monitored along the side of the absorption peak (Fi gure 7).
The fluorenone series was examined in the visible region between
430-510 nm. Both the amine reactant and the resulting amic acid were
brightly colored and each gave a distinct absorption peak. It was
thus possible to monitor both the disappearance of reactants and the
formation of product as a check on the uniformity of the reaction
(Figures 8-11). The absorption spectrum for phthalic anhydride did
not overlap in these regions (Figure 12).
It was assumed that as long as an isobestic was maintained, only
two components, the amine and the monoamic acid, were present in the
h
reaction mixture. Phthalic anhydride did not contribute to the
0.6
0.5
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Figure ?: Absorption spectra for the reaction of
3,3'-diaminobenzophenone with phthalic
anhydride in N,N-dimethylacetamide at
250C.
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Figure 8: Absorption spectra. versus time for the
reaction of 2-aminofluorenone with
phthalic anhydride in N,N-dimegthylacetamide;
2-aminofluorenone, 1.004 x 10
	 11^ phthalic
anhydride, 0.1 M; temperature, 25 C.
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Figure 10: Absorption spectra versus time
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Figure 12: Absorption sprctra for
Phtha.l is anhydride ,i ncl
pyrolncll.itic dianhydride
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measured absorbance in the region in which the amines were examined.
An isobestic is well preserved throughout the course of the reaction
between 2-AFO and PA (Figure a). The dotted line in Figures 9 and 10
represents the infinite absorption spectra taken after a sufficient
time had elapsed for completion of the first stage of the reaction
(ten half-lives). At this point, the isobestics for the 2,5-
diaminofluorenone (2,5-DAFO) (Figure 9) and 2,6-diaminofluorenone
(2,6-DAFO) (Figure 10) were no longer maintained. The absorbance
peaks for the monoamic acid derivatives of these two compounds could
not be determined experimentally.
The 2, 7-diamdnof l.uorenone (2, 7-DAFO) presented a more difficult
problem (Figure 11). An isobestic point developed only in the latter
stages of the reaction, suggesting that the amine was reacting with
PA to form the monoamic acid which proceeded to form the diamic acid
via a consecutive first-order process. The data which formed the
isobestic represented the stage of the reaction sequence after all of
the amine had been converted to the monoamic acid. These data could
thus be treated as a first-order process to determine the terminal
absorbance value for the monoacid product and the pseudo first-order
rate constant, k' 2 , for the second stage of the reaction (k2
1.93 x 10-3 M-1  sec-1). With this information, it was possible to
determine the rate constant for the first stage of the reaction.
(See Calculations, secLion c.)
x°
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4. Calculations_
(a) Determination of pseudo first-order rate constants
For the bimolecular reaction,
k 
A + B -+ P
the rate is defined as:
rate	 dtA = k
l (A) (B ].
The use of a large excess of one of the reactants allows the simpli-
fication of this rate equation to that of a first-order kinetic
equation
[B ] >> [A ]
kl [B] = k'l
rate = -. ddt] - kl ' [A ],
In terms of absorbance data, the standard plot for a first order
reaction is the following, 38
In (A
.0
 - At ) = In (A
C,
 - Ao ) - k 1 t	 (1)
where A is the terminal absorbance value for the reaction obtained
CO
after ten half-lives have elapsed, A o is the initial absorbance for
the reaction mixture, and A t is the absorbance value at time, t.
The slope of this line would yield the pseudo first-order rate
constant which, upon correction for the concentration of phthalic
anhydride used, gives the second-order rate constant for the reaction.
(b) Mangelsdorf-Swinbourne equation
For those reactions which did proceed beyond the first stage,
Ft
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it was necessary to utilize the Mongeladorf-Swinbourne plot 
39 
to
determine the correct teriiUnal absorbance value, A, ,,, for the first
stage of the reaction. This plot was readily derived by solving the
standard first-order kinetic equation (1) for a series of data
, points Al , A2 , . . . An , taken at times t l , t 2 , . . . t 1 , (2) and a
:second series of data points A' l , A' 2 ,	 . A' n taken at the
corresponding, times tl + A, t 2 + A,	 .	 til + A, (3) where A is a
costs Cant.
	
}
(AM) - At ) 	 ( AN - Ao)e-1ct	 (2)
	 f
(ACM 	 A t )	 ( AW - A 0) J 1c(t + A)	 (3)
The ratio of equations (2) and (3) is the Mangel.sdorf-Swinbourne
equation.
At d A'te	 + ACO(l - e1cA)	 (4)
The :intercept of this line would yield the correct infinite value for
the reaction.
This plot was tested on the reaction of 2-A1:0 with PA ("figure 13)
to assure that it gave the correct value for AN and indeed the
calculated and experimental values agreed within a three-percent
error margin (A^^calc 	 0.649, e1Co exp	 0.633) .
(c) Tl'e."ltment of Hie consecutive first-order reactimi
Tor the reaction,
1(l
A ►_	 B
'C 2ti
B ^_	 C
0.55
At
0.50
37
ORIGINAL PAGE IS
OF POOR QUALMY
0, 4 10	 0.0
At.'
Figure 13; Mango1sdorf-Swinbourno ploL Vor lho ronctinn
bot'woon	 minC1J:luoronono and (\toss (0.1M
phLhalicJ anhysirido in N,.v-di.mothy:l.aoMmi,do;
it.	 -
ORIGINAL PAGE IS
38
	 OF POOR QUALITY
the concentrations of reacting species are defined by the following
equations,
[A] = Ao e kt	 (5)
[B] = Aok1(e-k1t _ e-k2 t )/(kl - k2 )	 (6)
[C] - Ao {1 - (k1e-k 2 t - k 2e 
k1 t )/(k 2 - k l ) 1.	 (7)
The absorption data could be related to the concentrations of the
various species present at time, t, through the following equation:
Aobs	 cobs [A o] = c a[ A] + cb [B ] + c c [C] .	 (8)
The absorbance values for the amine (A) and the diacid product (C)
could be directly determined from the data. The values for k2 and
the absorbance value for the monoacid product (B) were derived from
a standard first-order plot of the data which formed an isobestic.
With this information, it was possible to determine the correct value
for k1 . A plot of the calculated absorbance values for the amine (5),
the monoamic acid (6), and the diamic acid (7) is presented in Figure
14. The total absorbance was calculated according to equation (8)
and a comparison was made of the calculated and experimental values
for Aobs (Figure 15) .
Reaction with pyromellitic dianhydride
Pyromellitic dianhydride (M)A) was sublimed and reacted with
2-AFO following the previously described procedure. The Cary 14
spectra for the second stage of this reaction is reproduced in
Figure 16.
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reaction of 2-aminofluorenone with
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Preparation and characterization of products
1. Amic acid derivatives of diaminobenzophenones
Preparation O of the monoamic acid was accomplished by dissolving
the phthalic anhydride in anhydrous ether and excess diamine in a
minimum amount of tetrahydrofuran. The phthalic anhydride was then
added dropwise with stirring to the amine. I£ there was no immediate
precipitation of product, the volume of the reaction mixture was
reduced to one-half the original volume and anhydrous ether was then
added until the product precipitated from solution (Table 2).
The same solvents were used for the preparation of the second
product. The amine was added to excess phthalic anhydride with
stirring and precipitation of the product was again accomplished
by reducing the volume of thq reaction mixture and adding ether
(Table 2).
2. Amic acid derivative of 2-amino-9-fluorenone
2-Amino-9-fluorenone and phthalic anhydride were reacted in
glacial acetic acid according to the method of Fletcher et a142
(Table 2). It was hoped ti;at the rest of the compounds in this series
A
'x	 could be synthesized according to this procedure. Several attempts
with the 2,7-DAFO and 2,6-DAF0 yielded product mixtures which were
inseparable through solvent extraction and column chromatography.
Purification of any of the products was greatly inhibited by
the dehydration of the amic acid which would occur with heating.
Recrystallization was therefore excluded. Further, at approximately
43
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stoichiometric concentrations, it appeared the reaction was no longer
the simple reaction which was seen-at much lower concentrations.
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Basicity Measurements
The method utilized for standardization of the pH meter yielded
concentration pKa values rather than hybrid activity-concentration values.
Many determinations of pK values for organic acids or bases in organic
solvent-water mixtures have utilized the standardization of the meter with a
purely aqueous buffer of known pH. To determine if there were a difference
between the two methods for this solvent system, pyridine was titrated as a
typical amine base. The results found were 3.57 and 5.22 for the pKa values
by external buffer standardization and calibration curve respectively. The
value for the pKa found for pyridine using the calibration curve technique is
virtually the same as that found for pure water alone. Therefore, this method
was used to obtain data that would resemble and could be compared to that
obtained from other media such as alcohol-water mixtures and other methods
such as spectrophotometry.
Prior to utilizing the calibration curve method of standardization, a
large number of titration curves had been correctly obtained but incorrectly
evaluated. These data included many diamines for which kinetic studies were
not performed. Extensive re-evaluation of these data as detailed by Appendix
1 was performed. The results of all titrations are presented in Table 3. The
calibration curve pK determinations as well as the kinetic results were
obtained by E. Sugg (S); the other pKa measurements were obtained by Charles
Potter (P).
Examination of the data reveals that where there are common values the
agreement is excellent. It is even more reassuring when it is realized that
entirely different electrodes and reagents were used for each series and that
the sets of determinations were separated by over eighteen months.
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Comparison of the potentiometrically determined value for the pKa of
2-aminofluorenone (2.69) with the spectrophotometrically determined value of
2.70 shows extraordinary agreement.
Additional support for the values reported here is given by the results
for amines titrated in 50% aqueous alcohol. (K. A. Allen, J. Cymerman-Craig,
and A. A. biamantis, J. Chem. Soc., 1954, 234). These data are compared
below:
Compound	 Allen	 this report
2-aminofluorene	 4.36	 4.43
2-aminofluorenone	 2.67
	
2.68, 2.71
Each pKa tabulated is based upon a minimum of two titrations with each
computation utilizing between 16 and 45 data points. The uncertainties
indicated are average deviations.
Rates of reaction of aminofluorenones and aminobenzophenones
with phthalic anhydride
Standard first-order logarithmic plots of the absorbance data were linear
through greater than 90iv of the reaction course (Figure 17). Curvature was
noted only for those diami,i,es which did proceed beyond the first stage of the
reaction. As would be expected, this curvature was downward, suggesting the
disappearance of the monoamic acid. The data acquired to the point of
deviation from linearity, usually for greater than 50% of the first reaction
step, were sufficient to determine the correct pseudo first-order rate
constant (Figure 18).
The pseudo first-order, and corrected second-order rate constants are
presented in Table 4 for three concentrations of phthalic anhydride.
Agreement of three determinations was within six-percent.
The only diamine for which both reaction stages could be evaluated was
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Figure 17: First-order plot for the reaction of,2 - aminofluorenone with excess phthalc;
anhydride in N,N-dimethylacetamide.
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Figure 18: First crder plot for the rractioll
between 2, 5
-diaminofluorenone and
excess (0.2M) phthalic anhydride
in N,N-dimethyacetamide.
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2,7-diaminofluorenone. Each stage was first order in amine and first order in
anhydride. The two rate constants found are kl = 1.52x16"° M-1 sec- 1 and k2 =
1.93x10 -3 M-1 sec-1.
Reaction of 2-aminofluorenone with pyromellitic dianhydride
The reaction of PMDA with 2AF0 proceeded in the usual manner seen for
this dianhydride. 8 The first step of the reaction was quite rapid (kl = (4.47
^ .08) x 10-1 M-1 sec" I ) while the second stage was much slower (k2 = (3.98 }
.07) x 10-3 M-1 sec -1 ). The second stage of the reaction appeared to go
cleanly with maintenance of an isobestic at 458 nm. Evaporation of solvent
from one of the cuvettes ;fielded light-yellow rod-shaped crystals (m.p.
125-126 0 C). Agreement of the data for two concentrations of PMDA was within
four percent.
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Basicities of the fluorenones and benzophenones
The low Basicities of the fluorenones and benzophenones was best
explained by the electron-withdrawing effect of the carbonyl function.
This effect was found to be somewhat decreased with the addition of a
second amino function. The pKa values for the 4-aminofluorene,
Z-aminobenzophenone, and the 4-aminobenzophenone could not be measured
potentiometrically. The diamino derivatives of these compounds were
sufficiently basic for protonation of one of the amino functions to
occur.
Reactivities of the benzophenones and the fluorenones
Jencks 
43 
has suggested that of the acylation of amines by
anhydrides would be catalysed by both the amic acid formed and by
added acid. Catalysis by the acid product has indeed been seen by
others, 
18 
as has been previously mentioned. In the system under
investigation in this presen^ study, the concentration of the acid
product was too low for catalysis to occur. The absence of deviation
from linearity of the first-order plots verifies this assumption.
Correlation of the dependence of reactivity on basicity
To determine what correlation existed between the basicity of the
amines and their reactivity with phthalic anhydride, a plot was
devised to show the dependence of the logarithm of the second-order
rate constant, kl , for the first step of the reaction, on the
55
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log KH a -pKa
for protonation of the first amino function.
When comparing symmetric and unsymmetric diamines, it was necessary
to make a correction for the equivalence of the amino functions in
the symmetric compounds.
To account for the apparent high basicity of the 2 1 7-DAFO, the
3,3'-diaminobenzophenone (3,3'-DABP) and the 4,4'-diaminobenzophenone
(4,4'-DABP) the formation constant for the reaction
B + H+ $ BH+
was divided by a factor of two. The ;:rue pKa value is then the
reciprocal of this value. To account for increased reactivity
resulting from equivalent siies, the second-order rate constants
were also divided by a factor of two.
There is still the question of comparing monoamines with
unsymmetric diamines, for which no corrections were made. The
basicity and reactivity of the second amino function in the unsymmetric
diamines was too low to be determined, and thus they have been treated
as monoamines, The validity of these assumptions remains questionable.
The large slope and good linearity for the plot of log K versus
(-log k1) for the diaminofluorenones implied a marked dependence of
reactivity on basicity (Figure 19). It would appear that a common
reactive site existed for all three of these compounds and that only
the basicity of this site contributed to the reactivity of the compounds
in this series.
2.6
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	 318
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log KII
Figure 19: Correlation of log k l
 for the formation
of the monoamic acid with log K
lluorenone series.
Compounda
	 log KI1—	 k1 (103 XM- ^ s0c-1 )
	
2-	 2,708	 1.76
	2,6-	 3.055
	 2.58
	
2,5-	 3.115
	 A.02
	
2,7-	 3.703(3.4)*	 32.3 (16.15)*
*Statistical correction applied due to symmetry
Of this molecule.
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The deviation of the 2-aminoFluorenone may reflect the previously
discussed idea that with decreasing basicity, other effects would
markedly influence the reactivity of the amine. This was more
adequately illustrated by the cag e of the benzophenones (Figure 20).
Even with symmetry corrections for the 3,3 1 DABP and the
4,4-'DABP, a good linear correlation between log K h and (-log k 1 ) was
not found. A common reactive site would probably exist for the series
of 3-aminobenzophenones as the 3-position is the only position in the
molecule which cannot directly interact with the carbonyl function, but
the diaminobenzophenones could not really be compared to the monoamine
in the series and a line formed only by two points was not much
on which to base a discussion. The least basic members in this series
r	the 4,41DABP and the 2,41DAB? deviate sharply from any sort of linear
relationship with the other compounds in this series and even though
the 2,41DABP was more basic than the 4,4=DABP, the order of reactivity
was reversed.
In general, all that could be said of these compounds was that
a relationship between basicity and reactivity existed. This relation-
ship was liner for the more basic aminofluorenones while other
effects appeared to influence the reactivity of the less basic
benzophenones such that a linear relationship between basicity and
reactivity could no longer be seen.
Admittedly, more compounds would have to be examined in both of
these series before a complete discussion of the electronic and
structural effects which determine both the basicity and .reactivity of
these compounds would be valid.
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log K 1
Figure 20: Correlation of lob; k  for the
formation of the monoamic acid
with log . K11 for the benzophenone
series.
Compound 
^
l of ({I.I—
	
kl (10`I M-I see- I
2 1 4 1	2.566	 2.452
4,4'	 2.645 (2.344)*	 8.812 (4.400)*
3,3'	 3.35 (3.05)*
	
27.69 (13.85)*
3,4'	 3,375	 61.15
3	 3.03	 22.77
*Statistical correction applied duo to symmetry
of this molecule.
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Appendix 1
The Evaluation of pKa Basicity Constants
The determination of pKa values as originally planned was quite simple.
Titration curves for the titration of the amines of interest in the
appropriate solvent with the selected titrant would be carried out to well
beyond the calculated equivalence point. The Gran ni.ethod of equivalence point
estimation would be used and would produce not only the equivalence point but
also the standardization of the pH meter.
The basic equations for the Gran Method are outlined on pp 19-21,.
Successful application of this technique to titrations in acetonitrile-water
mixtures was reported in 1974 (G. Velinov, D. Ivanov, and 0. Budevsky, J.
Electroanal. Chem. and Interf. Electrochem. 57 (1974) 97).
A computer program was written to process the post equivalence point data
and determine both the Nernst coefficient (theoretical value 59 millivolts),
the apparent E on and the equivalence volume, This was and is a desirable
feature. For some glass electrodes the response will be somewhat time
dependent, i.e., the slope may change. The drifting of the E o' values with
time is, of course 4 well known and is the reason that pH meters must be
standardized frequently. For the pKa values obtained using calibration
curves, such curves were obtained immediately pre°er post-titration. At least
two were obtained every 3 hours.
The computer program utilized the equatior.
Eon + S log (VHCH
—Ve CH)
VT
where Eon is the formal potential, S the Nernst coefficient, CH the volume of 	
x
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theoretical value of S at 25°C is 59.2 mV,
The Gran linearization yields
VT 10E/S = 10Eo'/S (VH-Ve)CH
which was best fit by the computer to give the best value of Ve when the
standard deviation in Ve was minimal.. The minimum was located through
variation of the value of S. Value of S from 54 to 62 millivolts were
measured. The assumption made initially was that the medium was producing
changes in the electrode response with time in these reasonably acidic
solutions. Since the value of S seriously affected the calculated hydrogen
concentrations for EMF values well negative of E on , the improper selection of
S would lead to very bad estimates of pKa's. This would become more serious
the more basic the amine.
After careful inspection of both calibration curve data and titration
data, several regularities emerged. First, where both amine functions were
relatively basic, both theoretical values of S and reliable equivalence points
were obtained. Second, where one amine function was relatively
basic and one was very weak, theoretical values of S were obtained for the
first protonation but not for the second. Reliable values for the equivalence•
point could be obtained for the first protonation but not the second. The
reliability was measured by agreement with the expected equivalence point as
determined from the weight of the amine. This led to a reconsideration of the
computational program.
The program used was written in BASIC for use with the Radio Shack TRS-80
computer by Mr. Roger Combs. It was constructed around the equations
contained on pp 22-23 for n and S's and assumed the theoretical response at
ai
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r
ORIGINAL PAGE IS
OF POOR QUALITY
66
59.2 mV. Estimates of E on , Ve, CH and the initial VT were entered and n
values calculated to determine the effect on n. For a given point of n
values, several calculation options were available which could produce only pK
or both pKl and pK2. The largest n value c.a'=:%zlated determined whether the
diamine was showing mono-or di-protonatior. 	 calculation of Kl and K2
values was based on linear equations which were evaluated by non linear least
squares with the best values of Kl and K2 selected for the largest correlation
coefficient. This rather elaborate routine worked quite well, was rapid, and
appeared reliable. It was necessary to develop this method of data treatment
since so many titration curves had been obtained for which no calibration
curves were available at all.
The computer treatment of the data made possible the calculation of
reliable values for the second protonation constants for several systems such
as' the 3,3'-diaminobenzophenone and the 2,7-diaminofluorenone which were not
clearly resolved utilizing the calibration curve technique.
In Table 3 several values which were discrepant from calibration curve
utilization were found to yield comparable pK values when the computer
approach was applied to the raw titration data. These entries are marked
(recalc.) in Table 3.
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